Right and left ventricular outputs were measured by a dye dilution technique in fetal lambs before and during graded reduction of umbilical blood flow by constriction of the abdominal portion of the umbilical vein. POo, PCO2 and pH were measured on blood samples taken from the carotid artery and the ductus arteriosus. Oxygen saturation values were estimated from oxygen dissociation curves for fetal lambs' blood. With slight constriction of the umbilical vein, both ventricular outputs fell, but there was no significant difference between them for umbilical flows exceeding 150 ml/kg per min. With further reduction of umbilical flow, the output of the right ventricle fell more than that of the left. When flow was reduced to less than 120 ml/kg per min, right ventricular output was significantly higher than that of the left (P< 0.001). Oxygen saturation of blood from both the carotid artery and the ductus arteriosus fell with reduction of umbilical flow, but the difference between these values was not significandy altered. These observations show that major reduction of venous return may change tie proportion in which various blood streams mix as they pass through the fetal heart. ADDITIONAL KEY WORDS indocyanine green dilution regional arterial oxygenation of fetus abdominal umbilical vein constriction foramen ovale and fetal venous return • In the fetal lamb, the oxygen saturation of carotid arterial blood is higher than that of blood from either the femoral or umbilical arteries. When the lamb is in good physiological condition, the difference is small, rarely exceeding 10$ (1, 2). However, when a large reduction in umbilical blood flow was produced by constricting the abdominal portion of the umbilical vein or by acute depletion of circulating blood volume, this difference From the
increased appreciably (2) . While both arterial blood oxygen saturations fell following flow reduction, that from the femoral artery fell more than that from the carotid artery. The effect was more pronounced in immature lambs (76 to 86 days gestational age) than it was in mature lambs (137 to 141 days gestational age). Dawes and Mott (2) suggested that the observed differences might be due to a change in the proportions in which various blood streams mix as they pass through the fetal heart.
In an attempt to substantiate this hypothesis, it seemed worth while to measure the individual ventricular outputs of the fetal lamb during graded reduction of umbilical blood flow. Ventricular outputs were measured using a relatively rapid, nontraumatic dye dilution method (3, 4) .
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from Suffolk-Hampshire ewes anesthetized with chloralose (30 mg/kg iv).
The ewe was ventilated with room air through a tracheostomy, using a Harvard variable-speed respiration pump (model 607). On a few occasions, the ewe was ventilated with high oxygen gas mixtures. The ewe was placed on her left side and a brachial artery was cannulated for serial blood sampling.
The fetus was delivered onto a heated stainless steel table covered with abdominal dressing pads to prevent undue heat loss. Great care was taken to prevent trauma, tension or drying of the umbilical cord. The rectal temperature was measured with a thermistor probe and telethermometer (Yellow Springs Instruments) and was maintained at approximately 39°C (38.5°C to 39.5°C) with careful adjustment of the table heating element. The left carotid artery, right iugular vein, and both femoral arteries of the fetus were exposed, and polyvinyl catheters (.044 inches i.d.) were placed in the brachiocephalic artery, left ventricle, right ventricle, and ductus arteriosus, as previously described (3) . Heparin (10 mg/kg of a preparation which did not contain sodium bisulfite preservative) was injected hourly. Ventricular pressures were measured with Statham strain-gauge transducers (model P 23Gb), and in some of the experiments, the ventricular catheters were fitted with stainless steel tips with side orifices to exclude kinetic energy distortion of the pressure pulse.
Blood samples of 1.5 nil were taken simultaneously from the carotid artery and ductus arteriosus into very lightly oiled heparinized syringes, which were immediately capped and stored in ice. At the end of the experiment, these samples were analyzed for Po 2 , Pco L ., and pH. Oxygen tension was measured in triplicate with a Beckman microelectrode (mounted in a suitable cuvette) and a model 160 gas analyzer. Carbon dioxide tension was measured in duplicate with a Severinghaus Peon electrode (and the Beckman model 160 gas analyzer) and pH was determined in duplicate with a Metrohm pH meter (Compensator E322). The environmental temperature of the blood samples was maintained at 39°C by a water-jacket assembly in series with a constant temperature circulator pump. Duplicate pH measurements agreed within 0.01 units. The gas tension electrodes were calibrated with analyzed gas mixtures, and triplicate blood samples agreed within 2 mm Hg over the range of Po 2 and Pco 2 used. These observations have been corrected for any change in the pH of blood samples during the storage time from collection to measurement.
Percent oxygen saturation was derived by applying the relevant Po 2 and pH values to one of a family of oxygen dissociation curves constructed by Cassin et al. (5) from the blood of nine fetal lambs of 135 to 143 days gestational age by an analysis derived from the work of Meschia et al. (6) .
The abdominal portion of the umbilical vein was exposed, and a flow transducer of the cuff type (6 mm i.d.) of a square-wave electromagnetic flowmeter 1 (7) was applied to the vein adjacent to the junction of the two umbilical veins. The flow transducer was supported gently by a universal joint clamp constructed of nonferrous materials. Umbilical blood flow was reduced by adjusting a slim Perspex screw-clip placed around the vein on the hepatic side of the flow transducer. Except in four lambs weighing less than 3 kg, the screw-clip was at least 3 cm from the flow transducer. Great care was taken to ensure that the umbilical vein was in close apposition to the flow transducer, and the area of contact was frequently irrigated with small quantities of warm saline. Mechanical zero readings were accomplished by full occlusion of the umbilical vein by the Perspex screw-clip, and though they were not identical with the electrical zero, the difference between them was small and reasonably constant. There was little zero drift in the course of an experiment lasting 60 to 90 minutes. Blood samples were taken and dye dilution curves were obtained in duplicate before and after applying the flow transducer. Calibration was carried out by applying the flow transducer to the exposed maternal carotid artery, which has an average diameter of 6 to 8 mm. The artery was cannulated a few centimeters distal to the flow transducer, and effluent blood was collected in a graduated cylinder over an accurately timed period. A calibration curve was constructed by using at least four different flows, each measured two or three times.
Both ventricular catheters were connected with a system of stopcocks and polyvinyl tubing so that rapid changeover from dye injection to pressure recording and the reverse could be effected. Both ventricular catheter systems were filled with dye at all times, but pressure recording and the rapid changeover maneuver caused no loss of dye and no dilution by saline in the transducer tubing. Ventricular pressures were thus measured alternately with the same transducer.
Individual ventricular outputs were measured using indocyanine gTeen dilution as previously described (3) . Cornwall spring-loaded syringes of 1.0-mI and 2.0-ml capacity (Recton-Dickinson) ' 
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were used for dye injection, and the fixed injection volume was measured carefully on a precision laboratory balance after each experiment. For 21 experiments, the mean volume was 0.0899 ml (SD 0.0027 ml).
The area under each dye dilution curve was determined in three ways. Electronic integration was accomplished with a Sanborn cardiac output computer (model 130) and provided a useful monitor of the reproducibility of duplicate curves during the experiment. This compared favorably (±2 to 5%) with the more precise integration possible with compensating polar planimetry and use of a formula recently derived by Williams et al. (8) . Because the values for area are virtually identical with those obtained by planimetry, this formula was used for computation of the area under all the dye dilution curves obtained in these experiments. We varied the order in which dye dilution curves were inscribed so that estimates of the outputs from one ventricle would not be affected more than the other by any deterioration which might be expected from prolonging reduction in umbilical blood flow.
Following a period of stabilization, umbilical blood flow was reduced stepwise to roughly 75%, 50%, and 25% of the initial level. The new level of blood flow was maintained for 6 minutes, whereupon blood samples were taken simultaneously from the carotid artery and ductus arteriosus, and duplicate dye dilution curves were inscribed from each ventricle. The minimum period of 6 minutes was chosen so that our experimental conditions would be similar to those of Dawes and Mott (2). They had selected this period of constriction because the experience of Born, Dawes, and Mott (9) had shown that fetal blood gas equilibrium was obtained within 6 minutes after altering the oxygen content of gas breathed by the mother. The whole sequence of vein constriction, blood sampling, and dye curve inscription could be accomplished in a little more than 10 minutes. In some experiments, the constriction of the umbilical vein was removed so that flow might recover as much as possible, and further dye curves were obtained in duplicate from each ventricle. Before and after each duplicate set of dye curves, the placement of various catheters was checked by the configuration of the pressure pulse wave or, for the catheter in the ductus arteriosus, by the circulation time as previously described (3). The possibility of regurgitation of dye through the tricuspid valve into the right atrium and through the foramen ovale was checked by sampling carotid arterial blood after injecting a standard bolus of dye into the right ventricle. Standard statistical methods were used throughout.
Results
The mean time required from the delivery of the fetus to the inscription of the first dye dilution curves following the application of the flow transducer to the umbilical vein was 52.4 minutes (SD 7.6 minutes). The dye dilution curves produced in these experiments were similar to those we reported previously (3). The smooth uniexponential downslope always reached the base line in less than 15 seconds, and it was followed later by a distinct upslope due to recirculating dye. No effect was produced on -either blood pressure or heart rate. The catheter transit time for dye curves inscribed from either ventricle was approximately 3 seconds. The actual transit time for dye injected in the left ventricle, with sampling from the carotid or brachiocephalic artery, was approximately 1 second. Similarly, the transit time for dye injected into the right ventricle, with sampling from the ductus arteriosus, was less than 1 second. There was no evidence of tricuspid regurgitation due to right ventricular dye injection as judged by blood sampled from the carotid (brachiocephalic artery. Moderate shifts in the site of either sampling catheter tip did not alter the reproducibility of duplicate sets of dye curves. The 21 fetal lambs weighed 2.27 to 6.23 kg; cardiovascular and blood gas data prior to umbilical flow reduction are given in Table  1 .
The mean initial umbilical blood flow of 169 ml/min per kg fetal weight represents 52.2$ of the mean combined ventricular output of 324 ml/kg per min measured from dye dilution curves taken immediately after application of the flow transducer.
In most of the experiments, the maternal P0 2 was limited to 90 to 200 mm Hg and the pH to 7.36 to 7.51. In a few experiments, the ewe was ventilated with high oxygen gas mixtures in an attempt to separate the asphyxia secondary to umbilical vein constriction from the purely hemodynamic changes resulting from reduction of venous return. Unfortunately our data on this point were inconclusive as we were unable to raise or sustain the fetal arterial oxygen saturation appreciably by this change in maternal ventilation. Figure 1 depicts a representative experiment carried out on a fetal lamb with an initial umbilical blood flow of 675 ml/min. Prior to flow reduction there was very little difference in the outputs from the two ventricles. With reduction of umbilical blood flow to 443 ml/min, the outputs of both ventricles fell equally, but when reduced to 288 ml/min, the right ventricular output fell much more than the output from the left ventricle so that there was then a difference in their outputs of 198 ml/min. With a further reduction of umbilical blood flow to 163 ml/min, this difference in ventricular outputs did not increase noticeably. On release of the venous constriction, the umbilical flow rose to 533 ml/min and there occurred a proportional recovery of both ventricular outputs. At this point, the difference between the outputs was 56 ml/min. In no experiment did either the umbilical blood flow or the ventricular outputs recover fully.
In this lamb, the difference between calculated oxygen saturation values for blood from the carotid artery and the ductus arteriosus was 20% at the lowest umbilical blood flow. However, such a large difference in oxygen saturation was unusual.
In Figure 2 , right and left ventricular outputs relative to fetal weight are related to umbilical blood flow before and during graded reduction by umbilical venous constriction in 21 experiments. The regression equation for left ventricular output was y = 0.59x + 69 (r = 0.76; P< 0.001.) The regression equation for right ventricular output was y = 0.88x + 9.9 (r = 0.92; P<0.001). There is a statistically significant difference between the regression coefficients (P < 0.001). Table 2 shows the ventricular outputs, pressures, and blood gas parameters at umbilical blood flows above 150 ml /kg per min and below 120 ml/kg per min. These flow rates were chosen so that our data might be compared with those of Dawes and Mott (2) . The difference between left and right ventricular outputs for umbilical blood flow above 150 ml/kg per min was not significant, but the difference between right and left ventricular outputs for umbilical blood flows below 120 ml/kg per min was highly significant (P<0.001). The oxygen saturation values for blood taken from the carotid artery and the ductus arteriosus at either level of umbilical blood flow were not significantly different. However, at the lower flows there was considerable variability in the calculated oxygen saturation values and a correspondingly wide range of difference between these calculated values (Fig. 3) . Similar results were obtained from the measurement of Pco 2 in blood from the carotid artery and ductus arteriosus.
In nine experiments, ventricular catheters had been fitted with stainless steel tips with side orifices in an attempt to exclude kinetic energy distortion in the recording of the pressure pulse. Although the systolic pressure from either ventricle did not change significantly, the right ventricular end-diastolic pressure did rise by a mean value of 4 mm Hg (P<0.05), while that recorded from the left ventricle did not change perceptibly. Only with extreme reduction of flow, approximating full occlusion, was there any significant change in heart rate.
The variability of individual dye dilution curves within replicate sets was no more than 5* with umbilical flow reduction to 120 ml/ kg per min. With reduction to 60 ml/kg per min, this variability increased to 10.52 and with flows of 30 ml/ kg per min or less it rose to 22.%. Only on a few occasions was the umbilical blood flow reduced to this very low level.
Discussion
Using a rapid, relatively nontraumatic dye dilution technique, we have shown that an apparently smooth fall in combined ventricular output occurs when umbilical blood flow is reduced by venous constriction. The output from the right ventricle fell at a significantly greater rate than that from the left ventricle. These changes occur without a significant alteration in heart rate or systolic blood pressure in either ventricle. Thus, with respect to stroke volume at least, we believe that we have shown that fetal ventricles are transiently capable of independent function following a major reduction of venous return.
Prior to umbilical flow reduction, total cardiac (combined ventricular) output varied from 324 to 371 ml /kg per min, values similar to those in our previous work (3) and to indirect estimates obtained from microsphere distribution studies in lambs of comparable gestational age (10) .
In their study of the effect of umbilical flow reduction on the regional oxygenation (carotid arterial and femoral arterial oxygen saturation) of the immature and mature fetal lamb, Dawes and Mott (2) quite arbitrarily pooled their arterial blood oxygenation data into two groups-for flows above 150 ml/kg per min and for flows below 120 ml/kg per min. When we group some of our data in a similar fashion, the difference between right and left ventricular outputs for umbilical blood flows above 150 ml/kg per min is not statistically significant, whereas the difference between the ventricular output for flows below 120 ml/kg per min is highly significant. The 6-minute interval between the institution of umbilical venous constriction and the inscription of the first dye dilution curve was chosen in order that our experimental conditions would be similar to those of Dawes and Mott (2) . We also noted that no abrupt changes in umbilical blood flow or systemic arterial pressure occurred after 6 minutes and that longer periods of flow reduction (12 to 15 minutes) produced no striking changes in the results obtained.
In our previous work (3), it was shown that, without the superimposition of any other experimental condition, the output from both ventricles fell gradually and equally over experimental periods exceeding 1 hour.
It is important to ensure that the flow system being assessed is sufficiently stable to permit reasonable duplication during the time required for inscription of the dye dilution curves. There was no significant regurgitation of dye across the tricuspid valve, and adequate intraventricular mixing was confirmed when nearly identical curves were obtained following a moderate shift in the site of the sampling catheters. The rapid heart rate (>200 beats/min) in the fetal lamb may aid intraventricular mixing. We have also shown that dye volumes if approximately 0.1 ml do not distort the ventricular pressure pulse or the variability of duplicate outputs. Finally, the variability of outputs within duplicate sets did not rise to an unacceptable level until the umbilical blood flow had been reduced to 30 ml/kg per min.
Using nuclide-labeled microspheres, Rudolph and Heymann (10) , in recent studies on the distribution of cardiac output in fetal lambs and goats, have been able to demonstrate an increasing diversion of superior vena caval blood through the foramen ovale to the left atrium with increasing fetal Circulation Ktsmtcb, Vol. XXII, M*j 1968 asphyxia. As a concomitant event, labeled microspheres injected into the inferior vena cava pass increasingly into the left heart as the fetal pH falls. However, no experimental changes were imposed on umbilical blood flow in this work. On the other hand, Dawes and Mott (2) were unable to demonstrate any alteration in regional oxygenation of the fetal lamb with maternal asphyxia alone. Dawes (11) noted that cineradiographic studies in fetal lambs showed that bradycardia (regardless of cause) produces an increasing diversion of superior vena caval blood through the foramen ovale to the left heart.
It has been established that asphyxia produced in various ways will cause vasoconstriction of the pulmonary circulation of the fetal lamb by direct (12) , nervous (13) , and hormonal (14) effects. Furthermore, asphyxia sufficient to produce catecholamiiie release has been shown to eEect a significant constriction of the ductus arteriosus (14, 15) . Rudolph and Heymann (10) have suggested that specific resistance to right ventricular ejection produced in this fashion might sufficiently increase right ventricular end-diastolic and thus right atrial pressure to diminish or even to transiently reverse the pressure gradient from the inferior vena cava to the right atrium. In nine lambs, we have demonstrated that such an increase in right ventricular end-diastolic pressure does occur following a major reduction in umbilical blood flow produced by venous constriction. During experiments on the closure of the foramen ovale, Dawes et al. (16) have shown that with transient full occlusion of the umbilical cord, left atrial pressure fell, but after an initial brief fall, right atrial pressure rose quite dramatically. In addition, Dawes and Mott (2) have demonstrated a fall in inferior vena caval pressure with partial occlusion of the umbilical vein. All of these observations suggest that reduction of umbilical blood flow by venous constriction can be associated with important pressure changes in the veins and within the fetal heart itself.
We have confirmed the observations of Dawes and Mott (2) on the marked variabili-ty of regional arterial oxygen saturation difference following venous constriction. They obtained a statistically significant difference in carotid arterial and femoral arterial oxygen saturations when umbilical blood flow was reduced by both venous constriction and hemorrhage in immature fetal lambs (79 to 86 days gestational age). They found no significant difference when similar experiments were carried out with mature lambs (137 to 146 days gestational age). The reason for this difference in results is not clear.
It would be expected that the difference between the oxygen saturation of carotid artery blood and that of ductus arteriosus blood would be greater than that between the saturations of carotid artery blood and femoral artery blood, since the blood of the lower aorta, and hence that of the femoral artery, is a mixture of the blood from the ascending aorta and that of the ductus arteriosus, which have different oxygen saturations.
If a decrease in, or a reversal of, the pressure gradient between the inferior vena cava and right atrium significantly increases the diversion of venous return to the left side of the fetal heart, then an explanation exists for the marked variability in oxygen saturation difference observed at low umbilical flows. Normally, there is no flow of blood from the superior vena cava through the foramen ovale into the left atrium. This has been demonstrated in radiological studies by Barclay et al. (17) . However, with an increased afterload on the right ventricle resulting from the constriction of both the ductus arteriosus and the pulmonary vessels, relatively high right ventricular end-diastolic and atrial pressures might be sufficient to divert superior vena caval blood from the distending right atrium in retrograde fashion around the crista dividens and through the foramen ovale. Mixture of this unsaturated blood and the highly oxygenated blood returning from the placenta would result, and thus the apparent difference in the observed arterial oxygen saturations would be diminished.
It is clear that central distributive phenomena of the sort described, within or near the heart of the fetal lamb, may be produced by a critical alteration in fetal arterial pH, heart rate, circulating blood volume, or umbilical blood flow. The part played by each of these factors should be assessed more precisely and any possible myocardial basis for the demonstrated independence of fetal ventricular function will have to be elucidated.
